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Abstract: In this feature article, we review some of the most recent advances in the field of 
materials chemistry for biosensing, disease diagnostics, and drug delivery. Our recent work on 
the development of responsive polymer-based platforms for biosensing and drug delivery will 
also be highlighted. This feature article is meant to outline the breadth of the utility of polymer-
based materials for select applications, as well as their enormous potential impact on future 
technologies.  
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1. Introduction 
At the most basic level, a polymer is simply a chain of molecules (or monomers) attached to 
one another via chemical or physical bonds. This "macromolecule", first discovered as a result of 
the work of Hermann Staudinger (1953 Nobel Prize in Chemistry) and Wallace Carothers, now 
has an impact on every part of most of our daily lives. The polymer chain can confer specific 
properties to materials itself, or can serve as a basic building block that can be crosslinked, again 
chemically or physically, to yield network polymers with specific properties. One such network 
polymer is a hydrogel, which is capable of being swollen with water yielding a material that is 
both soft and structurally robust. Perhaps most importantly, polymeric materials have found their 
way into numerous biological applications such as: controlled/triggered drug delivery, 
biosensing, tissue engineering and regenerative medicine.
1-8
 Their enormous utility comes from 
the fact that they are inexpensive, easy to synthesize, offer a wide variety of chemistries and 
functionalities, and have well known structure-property relationships.  
Polymers, both linear and crosslinked networks, can be made to respond physically and/or 
chemically to the application of a stimulus such as: pH, temperature, magnetic field, and analyte 
concentration.
9-16
 Of these polymers, often called stimuli responsive polymers, poly (N-
isopropylacrylamide) (pNIPAm) is by far the most extensively studied.
1, 17-35
 PNIPAm is fully 
soluble in water at a temperature < 32 °C, existing as a fully solvated random coil while it 
transitions to a desolvated globule at T > 32 °C.
36
 Likewise, pNIPAm-based polymer networks 
are responsive to temperature (thermoresponsive), transitioning from swollen to deswollen as the 
temperature of the water they are exposed to increases to > 32 °C. Finally, hydrogel particles 
(referred to as micro or nanogels depending on their diameter) can also be synthesized, and 
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exhibit thermoresponsivity and have found their way into sensors, catalysts, drug delivery 
platforms, separations and tissue engineering technologies.
35, 37-42
  
In this feature article, we review some of the most recent works on responsive polymeric 
materials for healthcare applications with some highlights to our recent efforts to develop 
thermoresponsive microgel-based photonic devices for sensing, biosensing, and 
controlled/triggered drug delivery.
43-51
 
2. Applications of Polymeric Materials 
2.1 Sensing and Biosensing 
A sensor is a self-contained integrated device that is capable of providing specific 
quantitative or semi-quantitative analytical information by transferring specific signals into a 
form that is readable by an observer or by another instrument to provide a result. A biosensor is a 
device used for sensing and/or quantifying the concentration of an analyte that is biological in 
nature. In general, a biosensor should enable quick, and accurate results in a time such that the 
patient can be treated if needed. In specific cases, the biosensor should be capable of providing a 
result to patients in resource-limited settings at the point of care (POC).  
To develop novel sensing systems, some are turning to responsive polymers. Among the 
early works featuring responsive microgels for biosensing, Lyon and coworkers developed a 
novel approach to biosensing using microlenses derived from dual thermo- and pH-responsive 
pNIPAm-co-acrylic acid microgels.
34, 35
 They designed microlenses
35
 that would display a 
change in refractive index and particle diameter upon binding with protein for use in sensing 
applications. They designed microlenses for two different sensing pathways: a direct binding-
induced response and a displacement-induced response. To illustrate each method, the small 
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vitamin biotin was conjugated to the microgel's acrylic acid (AAc) groups. For the binding-
induced method, avidin or anti-biotin was added to the solution around the microlens, resulting 
in binding of the protein to the microlens surface. Since both avidin (four binding sites) and anti-
biotin (two binding sites) are able to bind multiple equivalents of biotin, the protein-binding 
event increases the surface crosslinking of the microlens and hence changes their refractive 
index. The displacement-induced method was achieved by designing a reversible antibody–
antigen crosslinking construct. In this case, a photoaffinity approach was used to couple a bound 
antibody to the antigen-laden microlens. When the free biotin disrupts the crosslinks via 
displacement, the microlens swells and the focal length increases accordingly. This approach 
offers the benefit of sensor regeneration. Using microgels as microlenses is attractive because of 
the ability to use many different solution-based bioconjugation methods and the ease of assembly 
with simple electrostatic adsorption.
52
 
Our group fabricated optical devices, which show visual color and multipeak reflectance 
spectra. The devices are made by painting pNIPAm-based microgels on a Cr/Au coated glass 
substrate.
53
 The excess microgel was washed away and another layer of Cr/Au was deposited on 
top of the microgel layer, sandwiching the microgel. Hence, the distance between two Au layers 
depends on the diameter of the microgel. The resultant device is typically referred to as a 
microgel-based etalon and is shown schematically in Fig. 1a. This device shows visible color and 
characteristic multipeak reflectance spectra (Fig. 1b) both of which depend on the refractive 
index of the microgel and the distance between the two Au mirrors based on Equation (1).
54
  
		λ	m  	2nd	cos	θ………………………..(1) 
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where n is the refractive index of the dielectric layer, d is the mirror-mirror distance, θ is the 
angle of incident light relative to the normal, and m (an integer), is the order of the reflected 
peak. 
 
Fig. 1. (a) The basic structure of a microgel-based etalon. The Au overlayer in the figure 
is drawn as a planar layer, but is actually conformal to the microgel layer. Each Au layer was 
supported by 2 nm Cr as an adhesion layer. (b) A representative reflectance spectrum from a 
poly (N-isopropylacrylamide)-co-acrylic acid, (pNIPAm-co-AAc) microgel-based etalon. 
Reproduced with permission from ref. 43. 
 
  
 
We used these devices to sense the concentration streptavidin in solution,
43, 46
 which was 
derived from our previous work on polyelectrolyte penetration into microgel-based etalons. 
Specifically, we determined that pNIPAm-co-AAc microgel-based etalons at high pH (i.e., above 
the pKa of AAc is ~ 4.25) could deswell when exposed to poly (diallyldimethylammonium 
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chloride)(pDADMAc), which is a positively charged linear polymer (polycation).
45
 This is a 
result of the pDADMAc penetrating the outer Au layer of the etalon, resulting in electrostatic 
interaction induced intra and intermicrogel crosslinking and collapse. This collapse led to an 
observable shift in the peaks of the reflectance spectrum as predicted from Equation (1). We 
found that the extent of the shift in peak position depended on the molecular weight (MW) and 
concentration of polycations. For all experiments, the sides of the etalon were sealed with epoxy 
to ensure that the polycation only entered the etalon through the Au overlayer.  
Therefore, we exploited the above phenomenon to sense streptavidin using a related 
polycation poly (allylamine hydrochloride) (PAH). To accomplish this, PAH, which is charged 
at pH < ~9.0, was modified with biotin (PAH-biotin). We showed that the PAH-biotin could also 
penetrate the etalon and crosslink the microgel layer leading to a spectral shift. Likewise, we 
found that the extent of the reflectance peak shift depended on the amount of PAH-biotin added 
to the etalon until the etalon is "saturated". For sensing, we exposed aqueous solution of PAH-
biotin to specific amounts of streptavidin; the concentration of PAH-biotin was always high 
enough to leave excess PAH-biotin in solution after all the PAH-biotin:streptavidin complexes 
have formed. Then, biotin modified magnetic particles were added to the solution, which bound 
only to the PAH-biotin:streptavidin complexes. An external magnet was used to remove the 
magnetic particles bound with PAH-biotin:streptavidin from the solution. The solution 
containing the excess, unbound PAH-biotin was subsequently separated and added to the 
pNIPAm-co-AAc etalon stabilized in pH 7.2 (microgels negatively charged) solution maintained 
at 25 °C. When the PAH-biotin was added to the etalon, it resulted in a blue shift of the etalon's 
reflectance peaks (the complete protocol is shown in Fig. 2). We found that the extent of the blue 
shift depends on the amount of streptavidin initially added to the PAH-biotin. Here, a low 
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concentration of streptavidin initially present in solution yields a large amount of excess, 
unbound PAH-biotin after the reaction. When the excess PAH-biotin is added to the etalon, we 
get large shift in spectrum's reflectance peaks. Alternatively, a high concentration of streptavidin 
initially present in solution will yield a small amount of excess, unbound PAH-biotin that is 
added to the etalon, which gives a small etalon response. It is important to point out again that 
we were able to get increasingly large spectral responses with decreasing analyte concentration. 
This is opposite to what is normally expected from standard sensors. 
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Fig. 2. The proposed sensing mechanism. Streptavidin (the analyte) is added to an excess 
amount of biotin-modified poly (allylamine hydrochloride) (PAH). The PAH-biotin:streptavidin 
complex is then removed from solution using biotin modified magnetic particles, leaving behind 
free, unbound PAH. The unbound PAH is subsequently added to a pNIPAm-co-AAc microgel-
based etalon immersed in aqueous solution at a pH that renders both the microgel layer and the 
PAH charged. As a result, the etalon's spectral peaks shift in proportion to the amount of PAH-
biotin that was added. This, in turn can be related back to the original amount of streptavidin 
added to the PAH-biotin. Reproduced with permission from ref. 43. 
A slightly different approach to detecting analytes in solution is to engineer polymer-
based materials to undergo crosslinking/decrosslinking in their presence. These processes lead to 
a subsequent deswelling/swelling response. Maeda et al. detected saccharide–protein interactions 
using a lectin responsive polymer gel as a signal transducing material bridging between the target 
and the gate insulator in field effect transistor.
55
 This lectin-sensitive polymer gel changes 
volume in response to the formation of molecular interactions between carbohydrate and the 
lectin concanavalin A and this polymer gel has the ability to transduce volume changes into 
electrical signals for the field effect transistor. Kuroki et al. presented for the first time a 
biomolecule-recognition gating system for avidin. A high-density polyethylene membrane was 
used as a gating membrane that immobilizes the stimuli responsive copolymer of pNIPAm, and 
biotin-PEG2-acrylamide onto the pore surface. The pore state (open/closed) of this gating 
membrane depends on the formation of specific biorecognition-mediated crosslinking in the 
pores.
56
 They used pNIPAm as the stimuli responsive polymer and biotin as a biomolecule-
specific receptor for avidin. The pore states can be distinguished by a volume phase change of 
biotin grafted polymers. 
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Zhao et al. fabricated DNA-responsive hydrogel photonic beads by polymerizing a DNA 
monomer containing pre-gel solution in a silica microparticle-based colloidal crystal. 
57
 
Following polymerization, the resultant hydrogel was broken up via vigorous stirring and the 
resulting hydrogel “particles” were exposed to hydrofluoric acid to dissolve away the silica bead, 
leaving behind hydrogel particles with an inverse opal structure. In the presence of DNA with a 
sequence complimentary to the DNA initially incorporated into the hydrogel structure in the pre-
gel solution, the photonic particles collapsed, resulting in a blue shift in the Bragg diffraction 
peak from the particles. Furthermore, quantum dots were introduced into the photonic particles 
for multiplexed DNA detection. Kivlehan et al. prepared and fabricated surface-attached PEG-
diacrylate hydrogel, by a photopolymerization process.
58
 They were able to control the process 
by controlling the light source used. Amino modified oligonucleotides were attached to the gel 
during photopolymerization, which allow for the diffusion of fluorescently labeled target DNA 
sequences into the hydrogel matrix to hybridize to probe oligos. The fluorescence after the 
hybridization was used as the transduction mechanism. This system exhibited a detection limit of 
3.9 nM.  
Micro and nanoparticles-based approaches to sensing and biosensing have also found 
traction over a number of years. Myung et al.
59
 employed seventh-generation (G7) 
poly(amidoamine), PAMAM dendrimers and the anti-epithelial cell adhesion molecule (anti-
EpCAM) known as the most commonly used circulating tumor cells capturing agents. G7 
PAMAM dendrimers were carboxylated and conjugated with anti-EpCAM. The binding avidity 
of the G7-aEpCAM conjugates was measured by surface plasmon resonance spectroscopy 
(SPR), along with the enhanced binding stability of the tumor cells on the dendrimer-
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functionalized surfaces. This proves that the dendrimer-mediated multivalent binding effect can 
be exploited in cell capture on engineered surfaces. 
Thermoresponsive poly(N-isopropylacrylamide-acrylamide-allylamine), (PNIPAAm-
AAm-AH) coated magnetic nanoparticles (PMNPs) were developed
60
 and conjugated with 
prostate cancer-specific cell permeable oligo-arginine peptide R11 for active targeting and 
imaging of prostate cancer. The stable nanoparticles have an average diameter of 100 nm and 
surface charge of -27.0 mV. The polymer had a lower critical solution temperature of 40 °C. In 
vivo bio-distribution and tumor-specific targeting studies confirmed that peptide coated R11-
PMNPs accumulated specifically in tumor regions. In another report,
61
 a bioaffinity matrix of 
viruses integrated into poly(3,4-ethylenedioxythiophene) (PEDOT) films for prostate-specific 
membrane antigen (PSMA), a prostate cancer biomarker was described. This matrix shows high 
sensitivity to PSMA due to the synergistic action by the two different ligands to PSMA on the 
same phage particle. One ligand was genetically encoded, and the secondary recognition ligand 
was chemically synthesized to wrap around the phage. The dual ligands result in a bidentate 
binder with high-copy (production of DNA per mL of Lysogeny broth), dense ligand display for 
enhanced PSMA detection through a chelate-based avidity effect. These films provide a 100 pM 
limit of detection for PSMA in synthetic urine without requiring enzymatic or other 
amplification. 
Finally, lysozyme specific protein-imprinted spherical nanogel particles were prepared 
via aqueous free radical precipitation polymerization with the aid of a surfactant, sodium dodecyl 
sulfate (SDS).
62
 Using lysozyme as the protein template and N-isopropylacrylamide as the major 
monomer, they found that the diameter of nanogels could be controlled from a few hundred 
down to ~ 50 nanometers by adjusting the SDS concentration during polymerization. It was 
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revealed that the lysozyme-imprinted nanogels possessed higher rebinding capacity, more rapid 
rebinding kinetics, and much higher specificity toward lysozyme than non-imprinted 
counterparts. Importantly, both the rebinding and release characteristics of lysozyme-imprinted 
nanogels showed dramatic temperature-dependence, with clear on–off transition around 33 °C 
which is close to the volume phase transition temperature of the thermoresponsive polymer poly 
(N-isopropylacrylamide). This protein imprinted nanogel platform is promising for a broad 
spectrum of biomedical applications, such as controlled drug delivery, protein separation, 
biosensing, and therapeutics. 
 
2.2 Drug delivery 
Traditionally, administration of drugs is via the oral route, although injections are 
common if the efficacy of the particular drug can be affected by stomach digestion. Since these 
mechanisms for drug administration lead to drug distribution to the whole body, there are many 
challenges associated with natural resistance mechanisms. While this is the case, some recent 
drug formulations are able to target specific regions of the body, and be undetected by the 
immune system. Furthermore, there is a considerable amount of research going into the 
development of systems that not only target specific regions of the body, but also can be 
triggered to release their cargo only when needed (triggered drug delivery). One way to 
accomplish this is to use stimuli responsive polymers. They have also been combined with a 
variety of bioactive molecules by physical mixing, chemical conjugation and/or complexation to 
facilitate the targeted/triggered release. These bioactive molecules include small molecules, 
protein and peptides, and nucleic acids. These efforts have been the subject of many reviews.
63-65
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Here, we describe some of the latest examples of responsive polymeric materials developed for 
drug delivery during the last few years.  
One such material used widely for drug delivery is hydrogels. Hydrogels are 
advantageous due to their porous structure and solvent swellability (among other things).
66, 67
 
Their porosity permits loading of drugs into the gel matrix and subsequent drug release at a rate 
dependent on the diffusion coefficient of the small molecule or macromolecule through the gel 
network. In addition, many hydrogels can alter the degree of swelling in response to changes in 
their environment as mentioned earlier.
9, 12, 15, 16
  
 
In addition to macroscopic (bulk) hydrogels, microgels and nanogels (hydrogel particles) 
with diameters ranging from tens of nanometers to several microns can also be used.
68-71
 Similar 
to bulk gels, microgels can also be made biocompatible, however, due to their small size, they 
exhibit many advantages over bulk gels when used as biomaterials. One major advantage is that 
the rate of the microgel response to external stimuli is much faster than bulk gels. Secondly, 
colloidal microgel particles allow for minimally invasive administration when used as drug 
carriers. In addition, colloidal microgel particles can be used as building blocks for the 
fabrication of biomedical devices with improved and/or new functionalities
72-74
.  
As a drug carrier, pNIPAm microgels combine the advantages of both hydrogels and 
nanoparticles. PNIPAm microgel particles have a sponge-like structure with interstitial spaces 
filled with solvent. In some cases, drug molecules can be loaded by equilibrium partitioning 
between the solution and microgel phases. Electrostatic interaction, hydrophobic interaction, and 
H-bonding may play an important role for the drug loading process. Our group developed a 
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novel microgel based sandwich structure as a new platform for drug delivery.
51
 A device 
composed of a poly(N-isopropylacrylamide)-co-acrylic acid (pNIPAm-co-AAc) microgel layer 
sandwiched between two thin Au layers (all on a glass support) was used as a novel platform for 
controlled and triggered small molecule delivery. Tris(4-(dimethylamino)phenyl)methylium 
chloride (Crystal Violet, CV), which is positively charged, was loaded into the microgel layer of 
the device and released in a pH dependent fashion, at a rate that could be controlled by the 
thickness of the Au layer coating the microgel. The loading process and release data is shown in 
Fig. 3. Furthermore, the model drug could be released in an "on-off" fashion, by systematically 
varying the solution pH.  
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Fig. 3. (a) Schemetic illustration of fabrication of microgel based drug release device; and (b) 
drug release profiles at  (left) pH 6.5 and (right) pH 3.0. Reproduced with permission from ref. 
51. 
  
Proteins are important engines of life that perform essential functions inside cells, such as 
enzyme catalysis, signal transduction, gene regulation, and maintain a fine balance between cell 
survival and programmed death. Drugs based on proteins are being developed over the last 
decades. As a consequence, delivery of functional proteins has significant therapeutic 
implications in biological applications, including disease therapies, vaccination, tissue 
engineering and diagnostics. Most peptides and proteins are potent and become drugs of choice 
for specific physiological conditions. Despite rapid progress in the large-scale manufacture of 
therapeutic proteins, the convenient and effective delivery of these drugs to the body remains a 
major challenge. Proteins can be physically incorporated in a hydrogel matrix, and their release 
can be controlled via several ways, such as diffusion, swelling, erosion/degradation, or a 
combination of these mechanisms.  
There are several issues that need to be addressed when developing and delivering protein-
based drugs such as: low permeability of proteins through the skin or gastro intestinal track, short 
half-life, chemical and enzymatic degradation and immunogenicity.
75, 76
 It was found that 
PEGylation of protein drugs enhances the permeability of the drugs through the cellular track 
and protects the drug from being deactivated or degraded by enzymatic action. Additionally, the 
half-life of the protein drugs could be increased by reducing the density of the PEG linker on the 
protein backbone. In a recent publication, Browning et al. showed
77
 that acrylamide-PEG-
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isocyanate (AAm-PEG-I) linker can be incorporated onto proteins with PEG diacrylamide 
(PEGDAA) to enhance the hydrolytic stability and half-life of protein drugs. In another study da 
Silva Freitas et al.
78
 reported site specific PEGylation of recombinant human growth hormone 
(hGH) by N-terminal PEGylation and microbial transglutaminase (mTGase) mediated enzymatic 
PEGylation and found that both of the strategies keeps the selectivity, secondary structure and 
pharmacokinetic profiles of the protein drugs. Finally, site directed PEGylation of fibroblast 
growth factor 21 (FGF21) known for treatment of type II diabetes was found to show sustained 
potency and minimum vacuole formation.
79
  
Hydrogels allow fine-tuning of protein release by tailoring their crosslinking density via 
changes in polymer architecture, concentration, molecular weight, and/or chemistry. Other 
strategies to tailor drug release from hydrogels rely on reversible protein-polymer interaction or 
encapsulation of the protein in a second delivery system (e.g., micro- or nanoparticles) dispersed 
in the hydrogel network.  
In one example, Lyon and coworkers
69, 80
 reported that loosely crosslinked microgels 
(composed of a random copolymer of N-isopropylacrylamide (NIPAm) and acrylic acid (AAc)) 
demonstrated a high loading capacity for protein. These kinds of microgels or microgel-based 
devices can be potentially used as protein drug delivery systems. The investigation also 
elucidated the effects of gel network structure on macromolecule encapsulation.
80
 Using network 
swelling and ionization as a tunable variable, future delivery vehicles may be designed with 
specific encapsulation and release properties for biomedical applications as shown in Fig. 4.  
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Fig. 4. Proposed interaction of microgels with oppositely charged cytochrome complex (cyt c.) 
Reproduced with permission from ref. 80 
 
In general, protein delivery from micro/nanogels suffers from a limited release time due to 
the large surface area of nanogels compared to that of macrogels. For sustained release over 
longer periods of time, nanogels can be incorporated into macrogels. Polymer-protein conjugates 
are one of the methods that researchers use to develop new protein or peptides drug delivery 
systems. In this way, the low delivery efficiency and poor stability against proteases in the cell, 
which digest the protein, caused by other delivery methods can be limited. Yan and co-workers
81
 
developed a novel delivery platform based on nanocapsules consisting of a protein core and a 
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thin permeable polymeric shell that can be engineered to either degrade or remain stable at 
different pH. Non-degradable capsules show long-term stability, whereas the degradable ones 
break down their shells, enabling the core protein to be active once inside the cells as shown in 
Fig. 5. Multiple proteins can be delivered to cells with high efficiency while maintaining low 
toxicity.  
 
Fig. 5. a) Schematic showing the synthesis and cellular uptake of cationic single-protein 
nanocapsules with degradable and non-degradable polymeric shells prepared by in situ co-
polymerization of acrylamide 1, 2-dimethylaminoethyl methacrylate 2 and non-degradable 
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crosslinker methylenebisacrylamide 3 or acid-degradable glycerol dimethacrylate 4: I, formation 
of polymerizable proteins by conjugating polymerizable acryl groups to the protein surface; II, 
formation of non-degradable nanocapsules from 1, 2 and 3; III, formation of degradable 
nanocapsules from 1, 2 and 4; IV, cellular uptake of the degradable or non-degradable 
nanocapsules via endocytosis; V, shells of degradable nanocapsules break down after 
internalization to release the protein cargoes, allowing them to interact with large molecular 
substrates. (b) Representative TEM and (c) AFM images of the HRP nanocapsules. (d) TEM 
image of nanocapsules containing a single 1.4-nm gold-quantum-dot-labelled HRP core confirms 
the formation of a single-core nanoscale architecture. Reproduced with permission from ref. 81 
 More recently, Buchar et al.
82
 reported on the synthesis of thermoresponsive, degradable, 
and hydrophilic nanogels for the uptake and delivery of proteins. Core cross-linked micelles 
(CCL, also termed nanogels) were synthesized by reversible addition-fragmentation chain 
transfer (RAFT) polymerization using the macro-RAFT agent poly(2-methacryloyloxyethyl 
phosphorylcholine)  (poly(MPC)). Nanogels containing a poly(MPC) shell and an acid 
degradable, poly(methoxydiethylene glycol methacrylate) (poly(MeODEGM)-co-poly(2-
aminoethyl methacrylamide hydrochloride) (poly(AEMA) core were obtained in a one-pot 
process. They found that these nanogels can uptake protein (e.g., insulin) and release the same 
protein over extended period of time (24-48 h) at low pH.  
 In another publication, RAFT polymerization was used to generate water soluble 
poly(ethylene glycol)-b-poly(2-(hydroxyethyl)methacrylate-co-acryloyl carbonate) 
(PEGP(HEMA-co -AC)), which formed disulfide crosslinked nanogels in the presence of 
cystamine, as shown in Fig. 6.
83
 These nanogels were stable under physiologically relevant 
conditions, but degrade rapidly in presence of 10 mM dithiothreitol (DTT). Furthermore, the 
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authors found that fluorescein isothiocyanate (FITC) labelled cytochrome C can be loaded into 
the nanogels with more than 98% loading efficiency and the release is minimal at physiological 
conditions. Again, in the presence of DTT, the nanogels degraded, which released up to 97% of 
the loaded protein within 22 hours. These nanogels were found to be nontoxic to HeLa cells up 
to a tested concentration of 2 mg/mL.  
 
Fig. 6.  Illustration of the in situ formation of the reduction-sensitive nanogels, and their 
degradation in the presence of DTT to release their protein cargo. Reproduced with permission 
from ref. 83 
 
3. Conclusions 
The transformation of polymers from the concept of mere “large molecules” to an 
indispensable part of life was not so easy. Researchers invested a significant amount of effort 
over more than a half-century to understand polymers and their structure-property relationships. 
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Control over their synthesis, self-assembly, and chemistry created new opportunities in 
responsive materials, gels and composites. These advances are constantly leading to new 
applications, perhaps most interesting are their utility for maintaining human health. Specifically, 
and as was highlighted in this review, the usage of polymers for disease diagnostics and drug 
delivery have led to exciting advances, which will positively affect lives. While this is the case, 
there are numerous challenges that lie ahead. One such challenge is the continued development 
of biocompatible and water-soluble polymeric materials for disease diagnostics and drug 
delivery. For example, much effort is required to design the next generation of biocompatible 
polymeric materials that degrade into inert fragments. Furthermore, advances in the fields of 
biopolymers and biomass-derived polymers will certainly lead to new and exciting opportunities 
for clinicians and researchers alike. While these are just a couple of examples of where progress 
can be made, there is enough discovery to be made in these select areas that it could last many 
the remainder of their careers to achieve. 
Acknowledgements 
MJS acknowledges funding from the University of Alberta (the Department of Chemistry and 
the Faculty of Science), the Natural Science and Engineering Research Council (NSERC), the 
Canada Foundation for Innovation (CFI), the Alberta Advanced Education & Technology Small 
Equipment Grants Program (AET/SEGP) and Grand Challenges Canada. 
References 
1. J. Kim, S. Nayak and L. A. Lyon, Journal of the American Chemical Society, 2005, 127, 
9588-9592. 
2. R. Langer, Nature, 1998, 392, 5. 
3. A. C. Sharma, T. Jana, R. Kesavamoorthy, L. Shi, M. A. Virji, D. N. Finegold and S. A. 
Asher, Journal of the American Chemical Society, 2004, 126, 2971-2977. 
4. J. R. Tauro and R. A. Gemeinhart, Bioconjugate Chemistry, 2005, 16, 1133-1139. 
Page 20 of 24Journal of Materials Chemistry B
5. K. N. Plunkett, K. L. Berkowski and J. S. Moore, Biomacromolecules, 2005, 6, 632-637. 
6. J. Kim, N. Singh and L. A. Lyon, Angewandte Chemie International Edition, 2006, 45, 
1446-1449. 
7. J. H. Holtz and S. A. Asher, Nature (London), 1997, 389, 829-832. 
8. D. G. Anderson, J. A. Burdick and R. Langer, Science, 2004, 305, 1923-1924. 
9. A. Dedinaite, E. Thormann, G. Olanya, P. M. Claesson, B. Nyström, A. L. Kjøniksen and 
K. Zhu, Soft Matter, 2010, 6, 2489-2498. 
10. C. S. Thomas, L. Xu and B. D. Olsen, Biomacromolecules, 2012, 13, 2781-2792. 
11. M. A. Nash, J. N. Waitumbi, A. S. Hoffman, P. Yager and P. S. Stayton, ACS Nano, 
2012, 6, 6776-6785. 
12. M. J. Serpe and L. A. Lyon, Chemistry of Materials, 2004, 16, 4373-4380. 
13. E. Ayano, M. Karaki, T. Ishihara, H. Kanazawa and T. Okano, Colloids and Surfaces B: 
Biointerfaces, 2012, 99, 67-73. 
14. K. Haraguchi, K. Murata and T. Takehisa, Macromolecules, 2012, 45, 385-391. 
15. J. D. Debord and L. A. Lyon, Langmuir, 2003, 19, 7662-7664. 
16. J. K. Cho, Z. Meng, L. A. Lyon and V. Breedveld, Soft Matter, 2009, 5, 3599-3602. 
17. T. Hoare and R. Pelton, Langmuir, 2004, 20, 2123-2133. 
18. T. Hoare and R. Pelton, Macromolecules, 2004, 37, 2544-2550. 
19. K. Chan, R. Pelton and J. Zhang, Langmuir, 1999, 15, 4018-4020. 
20. J. Zhang and R. Pelton, Langmuir, 1999, 15, 8032-8036. 
21. R. H. Pelton and P. Chibante, Colloids Surf., 1986, 20, 247-256. 
22. T. Hoare and R. Pelton, Macromolecules, 2007, 40, 670-678. 
23. D. Sivakumaran, D. Maitland and T. Hoare, Biomacromolecules, 2011, 12, 4112-4120. 
24. S. B. Campbell, M. Patenaude and T. Hoare, Biomacromolecules, 2013, 14, 644-653. 
25. T. Hoare, J. Santamaria, G. F. Goya, S. Irusta, D. Lin, S. Lau, R. Padera, R. Langer and 
D. S. Kohane, Nano Lett., 2009, 9, 3651-3657. 
26. J. E. Wong, A. K. Gaharwar, D. Mueller-Schulte, D. Bahadur and W. Richtering, J. 
Colloid Interface Sci., 2008, 324, 47-54. 
27. J. Kleinen, A. Klee and W. Richtering, Langmuir, 2010, 26, 11258-11265. 
28. N. Greinert and W. Richtering, Colloid Polym. Sci., 2004, 282, 1146-1149. 
29. J. Kleinen and W. Richtering, Colloid Polym. Sci., 2011, 289, 739-749. 
30. C. Scherzinger, O. Holderer, D. Richter and W. Richtering, Phys. Chem. Chem. Phys., 
2012, 14, 2762-2768. 
31. H. Kojima, F. Tanaka, C. Scherzinger and W. Richtering, J. Polym. Sci., Part B: Polym. 
Phys., 2013, 51, 1100-1111. 
32. M. Keerl, J. S. Pedersen and W. Richtering, J. Am. Chem. Soc., 2009, 131, 3093-3097. 
33. H. Senff and W. Richtering, J. Chem. Phys., 1999, 111, 1705-1711. 
34. M. J. Serpe, J. Kim and L. A. Lyon, Advanced Materials, 2004, 16, 184-187. 
35. J. Kim, M. J. Serpe and L. A. Lyon, Journal of the American Chemical Society, 2004, 
126, 9512-9513. 
36. C. Wu and S. Zhou, Macromolecules, 1995, 28, 8381-8387. 
37. J. Kim, M. J. Serpe and L. A. Lyon, Angewandte Chemie International Edition, 2005, 44, 
1333-1336. 
38. Z. Poon, D. Chang, X. Zhao and P. T. Hammond, ACS Nano, 2011, 5, 4284-4292. 
39. S. Castleberry, M. Wang and P. T. Hammond, ACS Nano, 2013, 7, 5251-5261. 
Page 21 of 24 Journal of Materials Chemistry B
40. K. Nagase, J. Kobayashi, A. Kikuchi, Y. Akiyama, M. Annaka, H. Kanazawa and T. 
Okano, Langmuir, 2008, 24, 10981-10987. 
41. H. Kanazawa, K. Yamamoto, Y. Matsushima, N. Takai, A. Kikuchi, Y. Sakurai and T. 
Okano, Analytical Chemistry, 1996, 68, 100-105. 
42. Y. Liu, L. Ren and Z. Liu, Chemical Communications, 2011, 47, 5067-5069. 
43. M. R. Islam and M. J. Serpe, Biosens. Bioelectron., 2013, 49, 133-138. 
44. M. R. Islam, K. C. C. Johnson and M. J. Serpe, Anal. Chim. Acta, 2013, 792, 110-114. 
45. M. R. Islam and M. J. Serpe, Macromolecules (Washington, DC, U. S.), 2013, 46, 1599-
1606. 
46. M. R. Islam and M. J. Serpe, Chem. Commun. (Cambridge, U. K.), 2013, 49, 2646-2648. 
47. D. Parasuraman, E. Leung and M. J. Serpe, Colloid and Polymer Science, 2012. 
48. D. Parasuraman and M. J. Serpe, ACS Appl Mater Interfaces, 2011, 3, 4714-4721. 
49. D. Parasuraman, A. K. Sarker and M. J. Serpe, Chemphyschem, 2012, 13, 2507-2515. 
50. C. D. Sorrell and M. J. Serpe, Analytical and Bioanalytical Chemistry, 2012, 402, 2385-
2393. 
51. Y. Gao, G. P. Zago, Z. Jia and M. J. Serpe, Acs Appl Mater Inter, 2013. 
52. G. R. Hendrickson and L. A. Lyon, Soft Matter, 2009, 5, 29-35. 
53. C. D. Sorrell and M. J. Serpe, Advanced Materials, 2011, 23, 4088-4092. 
54. K. Keiji Kanazawa and J. G. Gordon Ii, Analytica Chimica Acta, 1985, 175, 99-105. 
55. Y. Maeda, A. Matsumoto, Y. Miura and Y. Miyahara, Nanoscale Research Letters, 2012, 
7, 1-9. 
56. H. Kuroki, T. Ito, H. Ohashi, T. Tamaki and T. Yamaguchi, Anal Chem, 2011, 83, 9226-
9229. 
57. Y. Zhao, X. Zhao, B. Tang, W. Xu, J. Li, J. Hu and Z. Gu, Advanced Functional 
Materials, 2010, 20, 976-982. 
58. F. Kivlehan, M. Paolucci, D. Brennan, I. Ragoussis and P. Galvin, Analytical 
Biochemistry, 2012, 421, 1-8. 
59. J. H. Myung, K. A. Gajjar, J. Saric, D. T. Eddington and S. Hong, Angew. Chem., Int. 
Ed., 2011, 50, 11769-11772, S11769/11761-S11769/11718. 
60. A. S. Wadajkar, J. U. Menon, Y.-S. Tsai, C. Gore, T. Dobin, L. Gandee, K. Kangasniemi, 
M. Takahashi, B. Manandhar, J.-M. Ahn, J.-T. Hsieh and K. T. Nguyen, Biomaterials, 
2013, 34, 3618-3625. 
61. K. Mohan, K. C. Donavan, J. A. Arter, R. M. Penner and G. A. Weiss, Journal of the 
American Chemical Society, 2013, 135, 7761-7767. 
62. G. Pan, Q. Guo, C. Cao, H. Yang and B. Li, Soft Matter, 2013, 9, 3840-3850. 
63. A. S. Hoffman, Adv Drug Deliv Rev, 2013, 65, 10-16. 
64. I. Tomatsu, K. Peng and A. Kros, Adv Drug Deliv Rev, 2011, 63, 1257-1266. 
65. C. de Las Heras Alarcon, S. Pennadam and C. Alexander, Chemical Society reviews, 
2005, 34, 276-285. 
66. Y. Qiu and K. Park, Advanced drug delivery reviews, 2012, 64, 49-60. 
67. A. S. Hoffman, Advanced drug delivery reviews, 2002, 54, 3-12. 
68. D. Gan and L. A. Lyon, Journal of the American Chemical Society, 2001, 123, 8203-
8209. 
69. C. D. Jones and L. A. Lyon, Macromolecules, 2000, 33, 8301-8306. 
70. B. R. Saunders and B. Vincent, Advances in Colloid and Interface Science, 1999, 80, 1-
25. 
Page 22 of 24Journal of Materials Chemistry B
71. R. H. Pelton and P. Chibante, Colloids and Surfaces, 1986, 20, 247-256. 
72. C. E. Reese, A. V. Mikhonin, M. Kamenjicki, A. Tikhonov and S. A. Asher, Journal of 
the American Chemical Society, 2004, 126, 1493-1496. 
73. N. Lu, K. Yang, J. Li, Y. Weng, B. Yuan and Y. Ma, The journal of physical chemistry. 
B, 2013. 
74. S. Nayak, H. Lee, J. Chmielewski and L. A. Lyon, Journal of the American Chemical 
Society, 2004, 126, 10258-10259. 
75. S. Jung and H. Yi, Biomacromolecules, 2013, 14, 3892-3902. 
76. T. Gefen, J. Vaya, S. Khatib, N. Harkevich, F. Artoul, E. D. Heller, J. Pitcovski and E. 
Aizenshtein, Int. Immunopharmacol., 2013, 15, 254-259. 
77. M. B. Browning, B. Russell, J. Rivera, M. Hook and E. M. Cosgriff-Hernandez, 
Biomacromolecules, 2013, 14, 2225-2233. 
78. D. da Silva Freitas, A. Mero and G. Pasut, Bioconjug Chem, 2013, 24, 456-463. 
79. J. Xu, J. Bussiere, J. Yie, A. Sickmier, P. An, E. Belouski, S. Stanislaus and K. W. 
Walker, Bioconjugate Chem., 2013, 24, 915-925. 
80. M. H. Smith and L. A. Lyon, Macromolecules, 2011, 44, 8154-8160. 
81. M. Yan, J. Du, Z. Gu, M. Liang, Y. Hu, W. Zhang, S. Priceman, L. Wu, Z. H. Zhou, Z. 
Liu, T. Segura, Y. Tang and Y. Lu, Nature nanotechnology, 2010, 5, 48-53. 
82. N. Bhuchar, R. Sunasee, K. Ishihara, T. Thundat and R. Narain, Bioconjug Chem, 2012, 
23, 75-83. 
83. W. Chen, M. Zheng, F. Meng, R. Cheng, C. Deng, J. Feijen and Z. Zhong, 
Biomacromolecules, 2013, 14, 1214-1222. 
 
Page 23 of 24 Journal of Materials Chemistry B
 Responsive polymers have found their way into sensors and drug delivery platforms; some 
examples of biosensing and protein delivery are highlighted here.  
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